Transmissible gastroenteritis virus (TGEV) primarily replicates in intestinal epithelial cells and causes severe damage to host cells, resulting in diarrhea. Surface NHE3 serves as the key regulatory site controlling electroneutral Na + absorption. In this study, our results showed that the surface NHE3 content was significantly reduced following TGEV infection, whereas the total level of protein expression was not significantly changed, and NHE3 activity gradually decreased with prolonged infection time. We then inhibited SGLT1 expression by lentiviral interference and drug inhibition, respectively. Inhibition studies showed that the level of phosphorylation of the downstream key proteins, MAPKAPK-2 and EZRIN, in the SGLT1-mediated p38MAPK/AKt2 signaling pathway was significantly increased. The surface NHE3 expression was also significantly increased, and NHE3 activity was also significantly enhanced. These results demonstrate that a TGEV infection can inhibit NHE3 translocation and attenuates sodium-hydrogen exchange activity via the SGLT1-mediated p38MAPK/AKt2 signaling pathway, affecting cellular electrolyte absorption leading to diarrhea.
Introduction
Diarrhea caused by coronaviruses is a key contributor to the morbidity and mortality of piglets throughout the world, primarily in suckling and weaned piglets (Katsuda et al., 2006; Butler et al., 1974) . Transmissible gastroenteritis virus (TGEV) is a coronavirus characterized by severe diarrhea, vomiting, and dehydration, with the death rates as high as 100 % in one-week-old piglets, whereas three-week-old infected piglets survive; however, these recovered piglets can spread TGEV to other uninfected piglets for several days (Tajima, 1970; Leopoldt and Meyer, 1978; Lawhorn, 2007) . Moreover, TGEV has been reported to cause a severe infection in mature mucosal epithelial cells of the proximal small intestine, induce villi atrophy, and reduce the villous height and crypt depth (Xia et al., 2018) . In addition, BuTRr has also been found in the diarrhea of piglets infected with TGEV, and exhibited increased quantities and concentrations of sodium, potassium, and chloride in the stools (Kelly et al., 1972) .
Diarrhea is closely related to the activity and expression of ion transporters expressed on the surface of intestinal epithelial cells. Under normal physiological conditions, the balance of absorption and secretion of intestinal water and electrolytes plays an important role in maintaining homeostasis of the intestinal environment (Field, 2003; Zhang et al., 2012) . Although viruses, bacteria, and some enterotoxins invade intestinal epithelial cells, the expression and activity of related ion channels and transport carriers on intestinal epithelial cells undergo abnormal changes, leading to disturbances in the absorption and secretion of water and electrolytes (i.e., Na + ). Na + /H + exchanger 3 (NHE3), belongs to the SLC9A family and is present in the intestinal and renal epithelia, which is primarily responsible for the electrical neutral absorption of Na + (Dynia et al., 2010) . Moreover, Nhe3 −/− mice have an absorptive defect in the intestine and kidney, and suffer from an acid-base unbalance and Na + -fluid volume disorder (Schultheis et al., 1998) .
The acute regulation of NHE3 activity is primarily focused on the circulation of NHE3 between the plasma membrane and intracellular compartment, and there is evidence to suggest that the up-regulation of NHE3 activity can be mediated by the rapid insertion of NHE3 into the plasma membrane from within the cell (D'Souza et al., 1998; Janecki, 2000) . Na + -glucose co-transporter1 (SGLT1) is predominantly expressed in the mucosa of the small intestine and has been found to play an important role in the absorption of Na + and glucose (Xu et al., 2018; Wright et al., 2004) . Previous studies have demonstrated that SGLT1 can regulate NHE3 translocation to the plasma membrane via the p38MAPK/Akt2 signaling pathway in intestinal epithelial cells via the sequential activation p38 mitogen-activated protein kinase (MAPK), MAPK-activated protein kinase 2 (MAPKAPK-2), Akt2, and ezrin (Cha and Donowitz, 2008) ; however, the role of SGLT1-induced NHE3 translocation in viral infection remains unknown.
Therefore, in the present study, we aimed to demonstrate the effects of TGEV infection on NHE3 translocation and the associated molecular mechanisms. Our data demonstrate that TGEV can reduce the level of NHE3 protein expression on the cell membrane and NHE3 activity via the SGLT1-mediated p38MAPK/AKt2 signaling pathway.
Materials and methods

Cells and viruses
Porcine jejunum intestinal cells (IPEC-J2) were purchased from Shanghai Zishi Biotechnology, grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, United States) supplemented with 10 % fetal bovine serum (FBS, Gibco), and maintained in maintenance medium (RPMI 1640 supplemented with 2% FBS) in a 5% CO 2 incubator. The TGEV Miller strain was preserved in our laboratory.
Lentivirus-mediated RNA interference
The lentiviral vector, piLenti-siRNA-GFP, was constructed to express short hairpin RNA for RNAi studies by the Rhonin Biosciences Company (China). The four siRNAs were designated as, siRNA a, siRNA b, siRNA c, and siRNA d, respectively. The optimal multiplicity of infection based on the results of the lentivirus titer given by the manufacturer was explored, and the lentiviral particles (MOI = 5) were added to the IPEC-J2 cells and screened for the stable expression of the siRNA cell line.
Inhibitor
Phlorizin (MCE, China) was selected as an SGLT1 inhibitor and an MTT assay was used to evaluate the maximum concentration that resulted in a 50 % cell survival inhibition rate.
Western blot
IPEC-J2 cells were washed three times with cold-PBS and lysed in radioimmunoprecipitation assay (RIPA, 200 μL/well) buffer (Beyotime, China) containing protease inhibitors (PMSF, 100 mM). The protein concentration of the resulting lysates was determined using a Pierce BCA (Beyotime, China). After centrifugation at 11,000 × g for 15 min, the proteins in the supernatant (40 μg protein) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 12 % gradient gels, and transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany). The membranes were blocked for 1 h in Tris-buffered saline (TBS) containing 5 % non-fat dry milk at room temperature (phosphorylated proteins were blocked in 5 % BSA), and incubated with the primary antibodies at 4°C overnight. After washing three times with TBST, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG (Sangon Biotech) at 37°C for 1 h. The proteins were visualized using 3,3′-diaminobenzidine, and detected by enhanced chemiluminescence (ECL; Thermo Scientific) and autoradiography.
RT-qPCR
The total RNA was extracted using RNAiso plus (Invitrogen, USA) reagent and subjected to reverse transcription with 5× PrimeScript RT Master Mix (Promega, USA). A quantitative real-time PCR (qPCR) analysis was performed to amplify the SGLT1 and NHE3 genes using the cDNA as the template and the β-actin gene as an internal standard. The qPCR reaction contained 10 μL of SYBR Premix ExTaq II (Takara Bio, China), 0.5 μL forward primer, 0.5 μL reverse primer, 1 μL of cDNA template, and RNase-free ddH 2 O was added to 20 μL. The reaction protocol was as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s; each sample was repeated three times. These primers are presented in Table 1 . Data analysis was based on the measurement of the cycle threshold (Ct). The relative level of SGLT1 and NHE3 mRNA expression were calculated using the 2 −△△Ct method.
IFA analyses
Cell climbing slices (Solarbio, YA0350, CN) were placed at the bottom of 24-well and before seeding IPEC-J2 cells. TGEV infected group, control group, siRNA groups and Phlorizin group were set up, 3 repeat well for each group. The slices were washed by PBS thrice for 5 min each time, followed by fixing in 4 % paraformaldehyde for 30 min. The slices were again washed with PBS thrice for 5 min each time, they were blocked with 5 % BSA for 60 min, followed by PBS washes thrice for 3 min each and incubated with the primary antibodies in a wet dish at 4°C overnight. Washing with PBS thrice for 3 min each time. Then incubation with Anti-rabbit IgG (H + L) F(ab')2 Fragment (Alexa Fluor® 594 Conjugate) antibody (Cell Signaling Technology) and Anti-Rabbit IgG (whole molecule)-FITC antibody (Sigma-Aldrich) for 30 min, washing three times. Staining was performed using DAPI (Beyotime, CN) for 5 min, followed by PBS washed thrice for 5 min each, add 3-5 drops of antifade mounting medium (Beyotime, CN). The samples were visualized by laser confocal microscopy (Axio-Imager LSM-800, Carl Zeiss AG).
Determination of the intracellular and extracellular sodium ion concentration
The intracellular and extracellular sodium ion concentration was detected using Flame Atomic Absorption Spectrometry as previously described . IPEC-J2 cells were infected with TGEV after transfection with siRNA b and lysed in a radioimmunoprecipitation assay (RIPA) solution as an intracellular sodium ion sample, and the extracellular samples were collected from the cell culture supernatant. A Na + standard solution (10 mg/mL) was prepared by dissolving 1 mL of the Na + standard solution 1000 mg/mL in 100 mL of deionized water, then diluted into standard working solutions dissolving 2.593 g of KNO 3 in 50 mL of 5 % HNO 3 , and then diluted to 500 mL with deionized water) of 0.05, 0.1, 0.2, and 0.4 mg/mL. The samples were diluted by 5 × 10 3 -fold and detected by the TAS-990 atomic absorption spectrometer at the following condition: wavelength of 589 nm, negative high-voltage of 297 V, current of 2 mA, and a gas flow of 1200 mL min −1 .
Measurement of the Na + /H + exchange activity
The level of NHE3 activity in IPEC-J2 cells was measured fluorometrically using the pH sensitive dye, BCECF-AM, as previously described (Murtazina et al., 2006) . Briefly, the cells were grown on a 96well cell culture plate and loaded with 5 μM BCECF-AM for 30 min at 37°C. The cells were then washed with an Na + -solution (138 mM NaCl; 5 mM KCl; 2 mM CaCl 2 ; 1 mM MgSO 4 ; 1 mM NaH 2 PO 4 ; 25 mM glucose; and 20 mM HEPES, pH 7.4) to remove any extracellular dye. The baseline pHi was measured using a fluorescent multi-function microplate reader (Teacan, Switzerland) and the ratio of fluorescence was estimated (λ-excitation: 440 nm and 490 nm; λ-emission: 530 nm). The cells were exposed to 40 mM NHCl 4 (pH 7.4) which caused alkalization, and the cells were perfused with an Na + -free solution (130 mM tetramethylammonium (TMA) chloride, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 1 mM NaH 2 PO 4 , 25 mM glucose, and 20 mM HEPES, pH 7.4), resulting in cellular acidification. Finally, the re-addition of the Na +solution (138 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 1 mM NaH 2 PO 4 , 25 mM glucose, and 20 mM HEPES, pH 7.4) and measurement of the pH at the end of each experiment, the fluorescence ratio was calibrated to the appropriate pH using nigericin (2 μM; Sigma-Alrich)/high K + solutions at different pH values. NHE3 activity was measured by calculating the change in pH over the first 1 min and expressed as ΔpH/min.
Measurement of surface NHE3 expression
The surface expression of NHE3 in IPEC-J2 cells was determined separately by cell-surface biotinylation as previously described (Murtazina et al., 2006) . Briefly, the cells were washed with cold-PBS (150 mM NaCl and 20 mM Na 2 HPO 4 , pH 7.4), resuspended in PBS, incubated with 1 mg/mL Sulfo-NHS-SS-Biotin (APExBIO, USA) for 30 min at room temperature, and washed with quenching buffer containing 15 mM Glycine to scavenge the unbound biotin. The cell sedimentation was lysed in RIPA buffer (Beyotime, China) containing 100 mM protease inhibitor on ice for 1 h, and the lysates were centrifuged at 11,000 × g for 15 min to remove any excess biotin reagent and byproducts. The protein concentration in the supernatants was determined using a Pierce BCA (Beyotime, China), and partial supernatants were used for an analysis of the total protein content. The amount of streptavidin agarose was calculated with protein concentrations (1 mL streptavidin agarose can bind 6 mg protein) and reacted for 90 min at 4°C. The samples were then washed three times with RIPA containing 100 mM protease inhibitor and centrifuged at 500 × g for 30 s to remove the unbound protein. Next, 6× protein loading buffer was added and denatured at 100°C for 5 min. A Western blot was used to analyze the percentage of the total level of cellular NHE3 expression at the apical surface of IPEC-J2 cells.
Statistics
All statistical calculations were performed using GraphPad Prism 7.0. All data are presented as the mean ± SD or with the standard errors of the mean from three independent experiments. A one-way analysis of variance (ANOVA) and t-test were employed to determine the statistical differences between multiple groups. P-values less than 0.05 were considered statistically significant (*P-value < 0.05; **Pvalue < 0.01; *** P-value < 0.001).
Results
TGEV infection is related to the expression of surface NHE3 and the activity of Na + /H + exchange
It has been well-established that NHE3 expression on the surface of small intestinal epithelial cells is primarily responsible for the neutral exchange of sodium ions; however, whether TGEV infection is related to the level of NHE3 protein expression on the cell surface remains unclear (Brett, 2005; Chow et al., 1999) . As shown in (Fig. 1A -E) , TGEV infection was found to significantly reduce the level of surface NHE3 protein expression and suppress sodium hydrogen exchange at 72 hpost infection (hpi) by WB and IFA analysis. However, there was no significant change in the level of total NHE3 protein expression. The level of total NHE3 mRNA expression was significantly decreased at 24 h-post infection, and tends to increase gradually with the length of infection (Fig. 1F) . These data suggest that TGEV infection can suppress NHE3 activity by decreasing the level of surface NHE3 protein expression.
We also examined the effect of TGEV infection on SGLT1 expression and the infection efficiency of TGEV. The results of Fig. 2A -B displayed a higher level of SGLT1 expression than that of the control group at 48 h-post infection. The level of mRNA expression was not significantly changed at 24 hpi, but exhibited a gradual increasing trend as the length of viral infection progressed (Fig. 2C) , Fig. 2D -E showed TGEV infection efficiency in IPEC-J2 at 24 h, 48 h and 72 h.
Regulation of SGLT1 on NHE3 translocation in mock-infected cells
Some studies have shown that together, SGLT1 and NHE3 regulate sodium absorption in epithelial cells (Coon et al., 2011) ; however, it is unclear what a physiological relationship between SGLT1-medated activation of the p38MAPK/Akt2 pathway and regulation of NHE3 translocation. To explore the associated regulatory relationships, we inhibited SGLT1 expression by transfection with siRNAs and treatment with inhibitors.
Firstly, the IPEC-J2 cells were transfected with four lentiviralmediated SGLT1-specific siRNAs to filter out the interference with an efficient siRNA plasmid. The results showed that siRNA b could markedly down-regulate the level of SGLT1 protein and mRNA expression compared with other groups (Fig. 3A -C) . Then IPEC-J2 cells transfected with the siRNA b were assessed for changes in the expression of key proteins and surface NHE3 content by Western blot and IFA. As shown in Fig. 3D -H, compared with the control group, silencing of SGLT1 using siRNA b can significantly up-regulate the expression of p-MAPKAPK-2 and p-EZRIN, as well as the NHE3 expression on the plasma membrane. and the results were further verified by the IFA analysis, as shown in the Fig3I-J, the fluorescence expression of surface NHE3 in siRNA b-treated group was significantly stronger than that in the control group. Notably, there was no significant change in the sodium ion concentration inside and outside the cell following transfection with siRNA b compared with the control group (Fig.3K ).
Furthermore, Phlorizin was selected as an SGLT1 inhibitor, and we used a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to assess the level of cytotoxicity. The results showed When phlorizin reached concentrations as 200 μM, more than 50 % of IPEC-J2 cells remained viable that means it's IC50 was 200 uM (Fig. 4A ), so 200 μM was the optimal toxic dosage of Phlorizin in IPEC-J2 cells. Cells treated with 200 μM Phlorizin displayed an up-regulation of p-MAPKAPK-2 and p-EZRIN expression ( Fig. 4D-K) . Increased NHE3 protein content on the cytoplasmic membrane ( Fig. 4B ,C,D and J) was also observed, which in turn, led to enhanced activity of NHE3 (Fig. 4L ). In conclusion, these results suggest that the inhibition of SGLT1 by siRNA or Phlorizin treatment promote NHE3 translocation via the p38MAPK/Akt2 pathway, and resulted in increased NHE3 activity.
Inhibition of SGLT1 promotes the translocation of NHE3 in TGEVinfected cells
We have revealed that down-regulated SGLT1 expression could promote the translocation of NHE3 through the p38MAPK/Akt2 pathway. Moreover, TGEV infection led to increased SGLT1 protein expression and decreased cell surface NHE3 protein content as shown in previous studies. Thus, we hypothesize that TGEV infection may regulate NHE3 expression via SGLT1-mediated activation of the p38MAPK/Akt2 signaling pathway.
Firstly, in IPEC-J2 cells transfected with siRNA b and incubated with the virus for 48 h, the expression of key proteins in the p38MAPK/Akt2 signaling pathway was analyzed by Western blot. As shown in the Fig. 5A -E, compared with the TGEV-infected group, a significant down-regulation of SGLT1 expression could up-regulate p-MAKPAKP-2 and p-EZRIN protein expression, as well as increased surface NHE3 protein expression. These results suggest that inhibiting SGLT1 expression can promote NHE3 translocation via the p38MAPK/Akt2 signaling pathway following TGEV infection.
The cells were then treated with 200 μM Phlorizin for 15 min, followed by an incubation with TGEV for 48 h. As shown in Fig. 6A -E, when SGLT1 protein expression was significantly inhibited, there was no significant change in p-MAPKAPK-2 expression, whereas p-ZERIN protein expression was markedly up-regulated, and the surface NHE3 protein content continued to increase. These results indicate that the inhibition of SGLT1 expression could promote NHE3 translocation via the EZRIN-mediated pathway but may be independent of MAPKAPK-2. Y. Yang, et al. Virus Research 280 (2020) 197901 
Inhibition of SGLT1 promotes Na + absorption in TGEV-infected cells
To further investigate the effect of SGLT1 on sodium ion uptake following TGEV infection, we detected the intracellular and extracellular sodium ion concentration following siRNA b transfection using Flame Atomic Absorption Spectrometry. As shown in Fig. 7A , these results indicate that the intracellular Na + concentration of IPEC-J2 cells was extremely significantly increased following treatment with the SGLT1 inhibitor, Phlorizin, during TGEV infection. In contrast, the extracellular Na + concentration was reduced (Fig. 7B) . To further explore the effect of SGLT1 inhibition by the treatment of cells with Phlorizin on sodium absorption mediated by NHE3, we detected NHE3 activity using the pH sensitive dye, BCECF-AM. The results suggest that NHE3 activity was significantly enhanced compared with the TGEV-infection group (Fig. 7C) . Thus, we considered that the inhibition of SGLT1 could adjust the function of Na + absorption in IPEC-J2 cells during TGEV infection.
Discussion
Understanding how viruses induce diarrhea is essential to the development of more effective therapies, which is particularly important with a pathogen like coronavirus. Several previous studies have found that diarrhea is associated with NHE expression and activity. For instance, congenital sodium diarrhea (CSD) is a rare autosomal recessive diarrheal disorder with symptoms characterized by the secretion of a large volume of persistent high Na + diarrhea, which is considered to be related to the lack of NHE3 protein expression in vivo (Holmberg and Perheentupa, 1985; Booth et al., 1985; Janecke et al., 2016) . Inflammatory bowel disease (IBD) consists of a group of chronic inflammatory diseases, the mechanisms of which involve changes in the intestinal movement and abnormal epithelial ion transport (i.e., Na + absorption defects in the colonic mucosa) (Clayburgh et al., 2006) . One of the significant components of altered electrolyte flux in infectious diarrhea is a reduction in Na + absorption via impaired NHE activity, which is shown in mouse models of infection with Salmonella typhimurium and Campylobacter jejuni (Khurana et al., 1991; Kanwar et al., 2010) .
However, less is known about the role of NHE in diarrhea during viral gastroenteritis. Astroviral infections have been suggested to lead to decreased levels of NHE3 in the insoluble protein fraction of enterocytes, and previous studies have shown that TGEV infection can affect changes in the both the intracellular and extracellular concentration of sodium ions in intestinal epithelial cells (Nighot et al., 2010) . In our study, we found that TGEV infection could reduce the level of NHE3 protein expression on the epithelial membrane, and weakened its sodium hydrogen exchange activity, whereas the level of NHE3 mRNA was continuously increased. Thus, we concluded that the weakened the power of sodium-hydrogen exchange after TGEV infection are associated with changes in the NHE3 protein content on the cell plasma membrane, independent of transcriptional levels.
NHE3 is one of nine isoforms of the mammalian Na + /H + exchanger (NHE) gene family, which is continually trafficked between the plasma membrane and intracellular organelles, and only its distribution on the plasma membrane is indicative of sodium hydrogen exchange activity (Donowitz and Li, 2007) . The mechanism by which NHE3 activity is regulated is extremely complex, among which acute regulation is the most important mode of activity that includes changes in the turnover number and trafficking; the latter of which involves several regulatory proteins. Previous studies have shown that SGLT1 activation by D-glucose can initiate a linear signaling pathway that includes early activation of p38 mitogen-activated protein (MAP) kinase, followed by activation of MAP kinase activated kinase 2 (MAPK)/APK-2, phosphatidylinositol 3-kinase (PI3-K), Akt2, and Ezrin, which lead to Y. Yang, et al. Virus Research 280 (2020) 197901 NHE3 translocation to stimulate NHE3 activity (Cha and Donowitz, 2008) . Moreover, a co-transport relationship exists between SGLT1 and NHE3 under physiological conditions (Coon et al., 2011) . In the present study, we found that SGLT1 inhibition via siRNA transfection and treatment with Phlorizin could up-regulate the expression of p-MAP-KAPK-2 and p-Ezrin in the p38MAPK/Akt2 pathway and increase the translocation of NHE3. In addition, there was a corresponding enhancement of sodium hydrogen exchange. As mentioned in the introduction, SGLT1 is also involved in Na + absorption; thus, there were no significant changes in the intracellular and extracellular concentration of Na + compared with the control groups after SGLT1 was inhibited by transfection with siRNA b. In conclusion, these results suggest that the inhibition of the SGLT1 expression promoted NHE3 translocation and exchange activity under physiological conditions. TGEV infection has been shown to increase the level of SGLT protein expression at 48 h, which was consistent with previous reports by Dai Y. Yang, et al. Virus Research 280 (2020) 197901 et al. (Dai et al., 2016) . Moreover, in Fig. 2D at 72 h post-TGEV infection, a smaller fragment of beta-Tubulin was detected, suggesting that it might be cleaved by a viral or host proteinase(s) at later stages of TGEV infection. At the same time, our previous research results showed that TGEV infection could reduce the level of surface NHE3 protein expression. Thus, we hypothesized that TGEV might regulate NHE3 trafficking by affecting the SGLT1-mediated activation of the P38MAPK/Akt2 pathway. Therefore, the cells were transfected with SGLT1-siRNA b and treated with Phlorizin to inhibit the expression of SGLT1, followed by Y. Yang, et al. Virus Research 280 (2020) 197901 an incubation with TGEV. We then found that the level of p-MAPKAPK-2 and p-EZRIN protein expression were both reduced following TGEV infection after transfection with SGLT1-siRNA b, and enhanced NHE3 trafficking and the power of Na + absorption. TGEV infection had no significant effect on the level of p-MAPKAPAK-2 protein expression after IPEC-J2 cells were treated with Phlorizin; however, the surface NHE3 protein content was still increased, and the activity of Na + absorption was enhanced. It has been established that since Phlorizin is a non-selective SGLT inhibitor, when applied to a target, it may affect the expression and activity of other proteins. Therefore, while there was no change in the level of phosphorylation of the upstream proteins, the downstream phosphoric acid levels remained up-regulated. We suspect that there may be other signaling pathways involved in the common regulation of EZRIN-mediated NHE3 translocation. These data suggest that TGEV infection may weaken NHE3 activity due to a reduction of surface NHE3 protein content through SGLT1-mediated activation of the P38MAPK/Akt2 signaling pathway, and this may provide a new strategy for treating diarrhea in infected piglets. All experiments were performed separately three times, *0.01 < p < 0.05, **p < 0.01.
